Objective: To establish levels for comparison for 24-h total and free serum testosterone in prepubertal boys and throughout pubertal development. Design: The study subjects were 55 healthy boys, aged 5.0-18.6 years, who underwent serial sampling one or more times during their pubertal development. Methods: Testicular volumes were determined by orchidometer. Serum testosterone was measured by a modified RIA (detection limit, 0.03 nmol/l). Free testosterone was calculated (calc-FT) using a formula derived from the law of mass action. Results: Significant increases in testosterone and calc-FT concentrations in boys were found between testis volumes of 1 ml to 2 ml, 2 ml to 3 ml, 6 ml to 8 ml, and 10 ml to 15 ml. No differences were found between testis volumes of 3, 4, 5 and 6 ml neither were there differences between 8 and 10 ml, or between 15, 20 and 25 ml. Boys who had reached their final height had higher calc-FT values than boys who had the same pubertal development but had not reached their final height. Based on the results, puberty was classified into six stages: pre1 (testis, 1 ml), pre2 (testis, 2 ml), early (testis, 3 -6 ml), mid (testis, 8-12 ml), late1 (testis,15 -25 ml, not reached final height) and late2 (testis, 15 -25 ml, reached final height). Serum testosterone was secreted with a diurnal variation in prepuberty and during puberty. The increase of testosterone in the morning hours started earlier in pubertal than in pre-pubertal boys. The most pronounced diurnal rhythm was found in early and in mid puberty. Conclusion: Using a sensitive method, and a pubertal reclassification, we have established levels for comparison of testosterone and calc-FT in prepubertal and pubertal boys. The existence of data for comparison forms the basis for future studies on pubertal disorders.
Introduction
Serum testosterone concentrations increase during pubertal development (1 -6) and fluctuate in a diurnal pattern (3, 4, 7, 8) . However, reference values are lacking for the 24-h profiles during the various pubertal stages, as well as before puberty begins. Having such values would be useful in clinical practice for diagnosis, and for monitoring replacement therapy with testosterone. The objective of this study was to determine normal values for testosterone and free testosterone in prepubertal boys, to monitor changes during pubertal development, and to relate these values to testicular volume and pubic hair development.
Subjects and methods

Study group
The study group consisted of 55 Caucasian boys (aged 5.0 -18.6 years), who were recruited as healthy control volunteers (n ¼ 25), or who were being studied for short (n ¼ 26) or tall (n ¼ 4) stature at The Queen Silvia Children's Hospital in Göteborg, Sweden. Eleven different physicians participated as observers of the subjects (seven pediatric endocrinologists and four pediatricians). As part of the studies for short stature, pubertal assessments were made on the 26 short boys at 3-monthly intervals from the time of enrolment. In the healthy control volunteers and the tall boys, two pubertal assessments were made within one year before and after blood samples were taken. Four of the healthy control volunteers were followed longitudinally with pubertal assessment yearly. Testicular volumes were determined by orchidometer (9) and pubic hair development was assessed according to Tanner (10) . If the size of the testes were not identical, the larger testis was chosen for classification of pubertal stage. Heights and weights were converted to standard deviation scores (SDS) using the Swedish growth reference values for healthy children (11) , and the weight/height SDS was calculated according to Albertsson-Wikland et al. (12) . All bone ages were assessed by the same radiologist, using the method of Tanner and Whitehouse (TW II) (13) . All boys were healthy and well nourished, had a normal karyotype, normal thyroid, liver, and kidney function tests and no evidence of varicocele. Boys with celiac disease were excluded. In boys who were shorter than 2 2 SDS, growth hormone deficiency was excluded with an arginine-insulin tolerance test. Boys born small for gestational age were excluded. Assent was obtained from each boy and informed consent was obtained from his parents. The Ethic Committee of the Medical Faculty, The Sahlgrenska Academy at Göteborg University, approved the protocol. Parameters for the boys in the study group are shown in Table 1 .
Blood sampling protocol
The children stayed in the hospital for at least 2 days for each serum profile. A heparinized needle was inserted during the first evening or morning. Blood for sex-steroid measurements was taken at 1000, 1400, 1800, 2200, 0200 and 0600 h. Single samples were also taken between 1000 and 1400 h for measurement of sex hormone binding globulin (SHBG) and dehydroepiandrosterone sulfate (DHEAS). After centrifugation, the sera were stored at 2 20 8C until assayed. Samples were stored for a maximum of 14 years and underwent a maximum of one freeze-thaw cycle before assay of testosterone. For the boys who had samples taken more than once at any pubertal stage, the first serum profile was chosen for the study. Four of the 55 subjects had blood samples taken repeatedly through puberty, 6 participated two or three times, and 45 had blood samples taken only once. A total of 79 serum profiles were included in this study. Serum testosterone concentrations of 10 of the participants have been reported in a semi-longitudinal study (3) .
Hormonal analyses
Serum testosterone concentrations were determined in duplicate using a modified RIA (Spectria testosterone; Orion Diagnostica, Espoo, Finland), as described (14) . Assay sensitivity was 0.03 nmol/l. The intra-assay coefficient of variation (CV) was 11% for concentrations of 0.2 nmol/l, and below 7% for concentrations above 0.4 nmol/l. The interassay CV was 16% for concentrations of 0.2 nmol/l and below 10% for concentrations above 0.8 nmol/l. To determine the effect of prolonged storage, serum pools with values at three levels were stored for a decade at 2 20 8C and 2 70 8C respectively. No changes in values were observed.
Free testosterone was calculated (calc-FT) from testosterone, SHBG and albumin using the method described by Vermeulen et al. where the association constant for testosterone binding to albumin is 3.6 £ 10 4 l/mol for an average albumin concentration of 43 g/l (15) , and the association constant for testosterone binding to SHBG is 1.6 £ 10 9 l/mol (16) . Serum concentrations of SHBG were determined by an immunoradiometric assay (Orion Diagnostica). The analysis was performed in the Department of Clinical Chemistry at Sahlgrenska University Hospital. The interassay CV was less than 6% over a concentration range between 38 and 70 nmol/l. DHEAS values were determined in duplicate by RIA (Coat-A-Count DHEASO4; Diagnostic Products Corporation, Los Angeles, CA, USA). The detection limit was 0.03 mmol/l, the intra-assay CV for the RIA was below 8% for values over 1.0 mmol/l and the interassay CV was 21% for 0.7 mmol/l and 14% for 4.4 mmol/l.
Statistical procedures
Values are given as medians, together with the ranges. The serum levels of testosterone are presented as individual curves with 95% confidence intervals for the median (figures) at each pubertal stage, or as the median of each clock time with 95% confidence intervals (tables). Non-parametric statistical methods were used for analyses: the Wilcoxon signed rank sum test for analysis of diurnal variations and the Mann-Whitney test for comparison of different pubertal stages (17) . The relative diurnal rhythm was calculated as the percentage difference from the mean concentration of testosterone/24 h for each clock time.
Values of testosterone below the detection limit were considered to be 0.03 nmol/l. As the serum testosterone levels were not distributed normally, linear regression analyses were performed on log-transformed data. A value of P , 0.05 was considered significant.
Results
Assessment of testicular volumes
Pubertal assessment was made during each visit to the clinic. The assessed testicular volume at the time of the study (blood sampling) was confirmed with the assessed testicular volumes before and after the study date. All assessed testicular volumes before the study day were equal or lower, and all testicular volumes assessed after the study day were equal or higher than the assessed testicular volume on the study day. The intra observer variability of the assessment of the testicular volume was estimated for those whose pubertal assessments were made within 3 months before and after blood samples were taken. The intra observer CV, given as median (range), with regard to the closest visit pre or post study day was: 0% (0 -47%), 28% (0 -47%), 0% (0 -33%) and 0% (0 -0%) for testis volumes of 1-2 ml, 3 -6 ml, 8-12 ml and 15 -25 ml respectively on the study day. The subjects were seen by the same physician before, on the study day and after and therefore no data on inter observer variability of the testicular determination is available.
Total serum testosterone in relation to testicular volume
Testosterone concentrations in boys with testis volumes of 2 ml were significantly higher than those with volumes of 1 ml (P , 0.02), and lower than those with a volume of 3 ml (P , 0.001) at all sampling times. No difference in testosterone was observed among boys with testis volumes of 3, 4, 5 or 6 ml, except that those with a testis size of 6 ml had higher concentrations at 0200 h than those with a testis size of 3 and 4 ml (P , 0.05). Boys with testis volumes of 8 ml had higher concentrations than those with testis volumes of 6 ml at all sampling times (P , 0.001). No differences were observed between boys with testis volumes of 8 or 10 ml, but levels were higher among boys with testis volumes of 15 ml compared with those having volumes of 8 and 10 ml (P , 0.05, at all sampling times). No differences were observed between boys who had volumes of 15, 20 or 25 ml (Fig. 1A, B) .
Calculated free serum testosterone in relation to testicular volume
Mean calc-FT/24 h increased in boys with testis volumes of 1 to 2 ml (P , 0.001), and of 2 to 3 ml (P , 0.001). No difference was observed in concentrations among boys with a testis size of 3, 4 and 5 ml. Boys with a testis volume of 6 ml had significantly higher calc-FT concentrations than those with a testis volume of 3 ml (P , 0.05), but were similar to those with a testis volume of 4 and 5 ml, and boys with a testis volume of 8 ml had higher concentrations than those with a testis volume of 6 ml P , 0.02), but were similar to those with a testis volume of 10 ml. Calc-FT concentrations in boys with a testis volume of 15 ml were significantly higher than those with a testis volume of 8 and 10 ml (P , 0.05), but were similar to those with a testis volume of 20 ml and 25 ml (P , 0.01) (Fig. 1C, D) . Boys who had reached their final height (late2) had higher values than boys who had the same pubertal development, but had not reached final height (late1) (P , 0.01) (Fig 2B) . Based on our results, we classified each boy's puberty into one of five stages: pre1 (testis, 1 ml), pre2 (testis, 2 ml), early (testis, 3 -6 ml), mid (testis, 8-12 ml) and late (testis, 15 -25 ml). Pubertal boys in the late stage were subdivided into two groups as follows: late1 (not reached final height) and late2 (reached final height).
Total serum testosterone concentrations in relation to pubertal stages
Testosterone concentrations increased as puberty progressed ( Table 2 ). The increase was modest from www.eje.org prepuberty to the early stage, followed thereafter by a marked increase into mid puberty followed by a slower increase between mid and late1 puberty ( Fig. 2A) . No difference was observed between boys who had reached final height (late2) and those who had not reached final height (late1) (Figs 2A and 3C,  D) . Mean serum testosterone correlated with chronological age (r ¼ 0.88, P , 0.001) and bone age (r ¼ 0.86, P , 0.001). Mean concentrations did not differ among boys with short stature (height SDS , 2 2), with normal stature (height SDS^2) or with tall stature (height SDS . 2). Figures 3 and 4 show the individual serum profiles of testosterone and the 95% confidence interval for the median in each pubertal group.
Calculated free serum testosterone concentrations in relation to pubertal stages Calc-FT increased at all sampling times throughout puberty (Table 3) , from pre1 puberty, through puberty to late2 puberty (P , 0.001). The median calc-FT levels expressed as a percentage of total testosterone were 0.6% in pre1, 0.6% in pre2, 0.7% in early, 0.7% in mid, 1.8% in late1 and 2.2% in late2 puberty.
Diurnal variation
All boys displayed a diurnal rhythm of serum testosterone before and during pubertal development. All eight of the boys in pre1 puberty had serum testosterone concentrations above the lower detection limit at least once during the 24 h of sampling. Seven had their peak level at 0600 h. None of the boys in pre1 puberty, whereas 9/17 in pre2 puberty had detectable levels at all sampling times. Fourteen out of seventeen boys in pre2 puberty had their highest values in the morning, but 6/17 displayed an irregular diurnal rhythm with peaks both in the morning and evening (Fig. 4B) . In early and later pubertal stages, all subjects had detectable serum concentrations during the 24 h of sampling and a synchronized rhythm (Fig. 3) . In prepubertal boys, the testosterone concentrations at 0600 -1000 h showed the highest values. During puberty (early to late puberty), the concentration at 0600 h was significantly higher than samples taken at 1000, 1400, 1800, 2200 and 0200 h. The lowest concentrations were observed between 1800 -0200 h in pre2 puberty and at 1800 -2200 h in the early stage to late puberty. Boys in pre1 puberty did not exhibit a significant nadir (Table 2) . During puberty, boys in the early stage and in mid puberty had the most pronounced diurnal rhythm. This diminished in the later stages of puberty. The relative diurnal rhythm, calculated as the percentage increase at 0600 h from the nadir at 1800 to 0200 h, was significantly higher in the pre1 (152%), pre2 (121%), early (180%) and mid (171%) puberty compared with late1 (88%) and late2 (81%) puberty (Fig. 5) . The nocturnal rise in testosterone started earlier in boys in the early puberty stage compared with boys in pre2 puberty. Boys in early puberty reached the zero value for the relative diurnal rhythm (mean value/24 h) 3.6 hours earlier than the pre2 pubertal boys (median 2400 hours versus 0336 h; P , 0.001) (Fig. 5) . We analyzed the diurnal pattern of boys with a testis size of 3 ml and compared the pattern with those with a testis size of 2, 4, 5 and 6 ml. In this analysis we consider a pubertal testosterone rhythm to be the 24-h serum profiles that have a nadir at 1800 -2200 h, followed by a nocturnal increase that starts after 2200 h and reaches the highest levels of testosterone at 0600 h. The 24-h rhythms for boys with a testis size of 2, 3, 4, 5 and 6 ml are shown in Fig. 6 and the analysis of the rhythms is shown in Table 2 . None of the boys with a testis size of 2 ml had a pubertal pattern while 3/6 with a testis size of 3 ml, 6/7 boys with a testis size of 4 ml and all the boys with a testis size of 5 and 6 ml had a pubertal pattern.
Testosterone and calc-FT in relation to pubic hair development
When testosterone and calc-FT concentrations were assessed in relation to pubic hair (PH) development, they were observed to increase between PH stage 1 (PH1) and PH2 (P , 0.001), between PH2 and PH3 (P , 0.05) and between PH3 and PH4 (P , 0.01). A significant increase in calc-FT (P , 0.05), but not in total testosterone was observed between PH4 and PH5 (Fig. 7) .
Serum SHBG concentrations
The SHBG concentrations decreased throughout puberty (Table 1) , and a negative correlation was found between serum SHBG and mean serum testosterone concentrations/24 h (r 2 ¼ 0.44, P , 0.001). In contrast, no correlation was observed between serum SHBG and serum testosterone in the pre, early, mid or late1 pubertal stages. In the late2 pubertal stage, however, a correlation was obtained (r ¼ 0.74, P , 0.05).
Serum DHEAS concentrations
Serum levels of DHEAS increased throughout puberty (Table 1) , and were correlated with chronological age (r ¼ 0.75, P , 0.001), bone age (r ¼ 0.75, P , 0.001) and testosterone (r ¼ 0.69, P , 0.001). Serum DHEAS correlated with mean serum testosterone/24 h during prepuberty (r ¼ 0.43, P , 0.05), but not in early, mid or late puberty.
Discussion
Using a sensitive method for measuring testosterone concentrations in serum we have assessed the levels and the diurnal variation of this hormone in healthy boys in pre-puberty and during pubertal development. With these data for comparison, samples for investigation or diagnosis may be taken at any time during the day. However, it seems preferable to take samples in the morning from boys who are prepubertal, in the early stage or in mid-puberty, as the morning peak is characteristic in these stages. On the other hand, increased afternoon levels are characteristic of late puberty. In agreement with earlier reports of testosterone secretion during puberty in boys (3, 4, 8) , we show that serum testosterone is secreted with a diurnal pattern during both pre-puberty and puberty. The nadir occurs in the evening, and the highest levels are found in the morning. Mean concentrations increase slightly between pre-puberty and the early stage of puberty, but then increase markedly into mid-puberty. Similar patterns during puberty have been reported by others (2, 4, 5) . The most marked diurnal rhythm was observed during early and in mid pubertal development. In late puberty, the difference between day and night testosterone concentrations is reduced, probably Table 3 Calculated free serum testosterone over 24 h in relation to pubertal stage.
Serum levels of free testosterone (pmol/l) over a 24-h period (median, 95% confidence interval for the median)
Pubertal stage (testis volume) n 1000 h 1400 h 1800 h 2200 h 0200 h 0600 h Figure 4 Individual 24-h serum profiles of total testosterone in (A) eight prepubertal boys with a testicular volume of 1 ml, (B) 17 prepubertal boys with a testicular volume of 2 ml, and (C) six early pubertal boys with a testicular volume of 3 ml. The shaded area indicates the 95% confidence interval for the median of the profiles in each group.
because of decreased day/night ratios of gonadotropins (3, 18) . Our results with regard to the diurnal rhythm of testosterone in boys in late puberty are similar to those in young men (19) . Characterization of pubertal stages may be carried out in different ways (10, 20, 21) . We have taken into consideration the testosterone levels, diurnal pattern and the physical signs in order to classify the boys in their pubertal stages. During pre-puberty (corresponding to genital stage (G) 1, according to Tanner (10)), testosterone is produced mainly by the adrenals and follows the cortisol rhythm. At the early stage (corresponding to G1-2), adrenal secretion is accompanied by gonadal production. The gonadotropins have influenced the testis to develop and increase in size and this in turn has resulted in increased testosterone production from the testis. The pubertal increase of gonadotropins also results in a changed diurnal rhythm of testosterone. Between the time that the testis enlarges from 6 to 8 ml in volume (from early to mid puberty), a pronounced increase in serum testosterone takes place, and physical signs of puberty appear. Usually, the peak height velocity appears in this pubertal stage -testis size of 10 -12 ml (21, 22) . In late1 puberty (corresponding to G3-5) the testosterone concentrations increase less rapidly, but the physical signs progress. In late2 puberty (corresponding to G5), the testosterone levels are more or less stabilized, but a greater increase in calc-FT occurs. Pubertal development is usually complete when the boy reaches his final height (23, 24) . Based on the changes in testosterone and calc-FT in relation to testicular volume, we divided the boys into two prepubertal stages and four pubertal stages.
The major difference between our pubertal classification and the current classification system is that we consider a testis size of 3 ml to belong to the early pubertal stage and not to the prepubertal stage. Our basis for this reclassification of a testis size of 3 ml is that the testosterone levels are higher than for boys with a testis size of 2 ml and that the levels do not differ from boys with a testis size of 4 or 5 ml. Furthermore, 50% of the boys with a testis size of 3 ml had a pubertal pattern in their secretion of testosterone compared with 0% for boys with a testis size of 2 ml and 87 -100% in boys with a testis size of 4 to 6 ml. The gonadal development and puberty have been described as a continuum and indeed the testis size of 3 ml represents a transient phase from prepuberty to puberty, but taking all the information on pattern and levels of testosterone together, the 3 ml testis can be seen to belong more to the pubertal stage than to the prepubertal stage. Further support for this classification is the observation described in the present study that the testosterone levels in prepubertal boys correlate with DHEAS, while this correlation disappears in early puberty. Furthermore, the nocturnal rise in luteinizing hormone secretion starts in boys with a testis size of 2 ml (4, 25), and thereby transition from 2 to 3 ml is a sign that the intrinsic CNS inhibition is over and that the sexual differentiation (puberty) can continue.
The gonads are active during the first months of life (6, 26) , a phenomenon referred to as minipuberty. Thereafter, they are relatively quiescent during the prepubertal period and are reactivated during puberty. Adrenarche is a process that coincides with puberty, but not however, dependent of gonadarche (27) . In the present study we observe that the prepubertal period is characterized by a diurnal rhythm of testosterone, with a nocturnal increase (after 0200 h) identical to the cortisol rhythm (28) . Supporting this contention is the observation that prepubertal girls exhibit a diurnal rhythm (14) and serum concentrations similar to those of prepubertal boys (14, 29) . In concordance with other reports, our results demonstrated an increase in testosterone (4, 25, 30) and free testosterone (30) before the onset of puberty. The increase in serum testosterone in boys with testicular volumes of 1 ml to 2 ml is probably due to the start of adrenarche, as it increases in parallel with DHEAS. Reactivation of the gonads during puberty is evidenced by a change in diurnal rhythm, with an earlier nocturnal rise in testosterone secretion, consistent with rapid eye moment and sleep-induced secretion of gonadotropins (31) . In recent years, direct RIAs for measurements of free testosterone have become available (32, 33) . Because the accuracy of such methods has been questioned (34), we chose to calculate free testosterone. To date, this is the first report on data for comparison of free testosterone during pubertal development in boys. The concentrations of calculated free testosterone (15, 35, 36) and the percentages of free testosterone (16, 35) in boys at final height correspond to the estimated values in adult males. Free testosterone is considered to be the hormone that reaches the target organs, and in our study the increase of calculated free testosterone during puberty is more pronounced than that of total testosterone.
In conclusion, we have reclassified the pubertal stages and assessed the changes in serum concentrations of total and calculated free testosterone, and the diurnal rhythm in healthy boys. Based on the changes of total and calculated free serum testosterone concentrations during prepuberty and puberty, we classified puberty into six stages: pre1 (testis, 1 ml), pre2 (testis, 2 ml), early (testis, 3-6 ml), mid (testis, 8-12 ml), late1 (testis 15 -25 ml, not reached final height) and late2 (testis 15 -25 ml, reached final height). Serum concentrations of testosterone increase progressively to a constant high value in late1 to late2 puberty, with a marked increase between early and mid puberty. Serum concentrations of calculated free testosterone, however, increase continuously throughout puberty, Figure 6 Relative diurnal rhythm of serum testosterone during pre2 puberty and early puberty in boys. The mean concentration/24 h is calculated for each study subject. The percentage difference from the mean value is calculated every four hours. Data are shown as individual curves. Gray lines depict prepubertal rhythm and black lines represent a pubertal rhythm. with a striking increase between early puberty and the late1 stage of puberty. The onset of puberty is characterized by an accentuation of the diurnal rhythm due to an early nocturnal increase in testosterone as compared with the prepubertal diurnal rhythm. Late puberty is characterized by a diminished diurnal rhythm compared with early and mid puberty.
